Adenylate cyclase and phosphodiesterase activities were assayed during the course of sexual reproduction in Coprinus cinereus. High levels of adenylate cyclase activity and low levels of phosphodiesterase activity were found in all dikaryons, in Amut Bmut strains, and in the monokaryotic fruiter Fist. Corresponding to this, a high level of cAMP was found in these strains. On the other hand, low levels of cAMP were found in semi-compatible heterokaryons (common-A and common-B), and in Amut and Bmut strains, where the events leading to sexual morphogenesis had been switched on only partially. CAMP-binding and CAMP-dependent protein kinase activities were detected in the dikaryons, and in Amut Bmut and Fist strains, but were negligible in the sexually sterile strains. The results indicated that both A and B factors are involved in the coordinate regulation of adenylate cyclase, phosphodiesterase, and CAMPdependent protein kinase during fruit body formation.
I N T R O D U C T I O N
Cyclic AMP (CAMP) is known to occur in a wide variety of fungi and much evidence has been obtained which strongly implicates its involvement in the control of various developmental processes including sexual morphogenesis in fungi (Pall, 1981) . In Coprinus cinereus (Uno & Ishikawa, 197 1, 1973 a, b) , Boletus edulis (Oyama et al., 1974) and Phanerochaete chrysosporium (Gold & Cheng, 1979) , cAMP has been reported to stimulate fruit body formation. Changes in cAMP level found prerequisite for the phenotypic expression of certain morphogenetic events such as fruit body formation indicated the existence of a mechanism responsible for regulating the endogenous cAMP level in these organisms. cAMP in fungal cells is postulated to exert its effects through activation of protein kinases that control the phosphorylation of various cellular proteins (Pall, 1981; Uno & Ishikawa, 1981 a, b) .
In Coprinus the incompatibility factors, A and B, have been shown to trigger the morphogenetic sequences leading to the formation of fruit bodies. Examination of the phenotypes of various heterokaryons carrying A and/or B factors in compatible or incompatible combinations revealed that both factors controlled distinct but coordinated parts of the sexual cycle (Casselton, 1978) . Mutants of A and B factors (Amut and Bmut) have been isolated in C. cinereus (Day, 1963; Haylock et al., 1980; Swamy et al., 1984) . The Amut and Bmut mutations led to constitutive expression of events regulated by the mutated factor and resulted in the conversion of self-incompatible strains to self-compatible ones. The Amut Bmut strains which contained the two mutated factors in the same haploid nucleus resembled dikaryons and formed fruit bodies (Swamy et a/., 1984) . In the present paper the role of the incompatibility system in regulating cAMP metabolism was investigated by examining the levels of adenylate cyclase, phosphodiesterase, and CAMP-dependent protein kinase activities in monokaryons, compatible and semi-compatible heterokaryons and mutant strains.
S . S W A M Y , I . U N O A N D T . I S H I K A W A M E T H O D S
Strains. All auxotrophic mutant strains of C. cinereus (formerly designated as Coprinus macrorhizus) used in this study have been described elsewhere (Swamy et af., 1984; Uno & Ishikawa, 1971 , 1982 . The origin and characteristics of Fis', Amut and Bmut strains were described by Uno & Ishikawa (1971) and Swamy et al. (1984) .
Media and cultication. Heterokaryons were constructed on Fries minimal medium (Fries, 1953) . Cultures of the different homokaryons and heterokaryons for assays were grown in 20 ml liquid minimal medium in 100 ml Erlenmeyer flasks. Where required, adenine sulphate (100 pg ml-I), p-aminobenzoic acid (20 pg ml-I) or amino acids (100 pg ml-I) were added to the medium. Mycelial suspension served as inoculum. Cultures were left standing at 30 "C under 12 h light/l2 h dark.
Preparation of ceff-jree extracts. Mycelia were harvested on a filter paper, washed well with chilled distilled water, and homogenized for 2 rnin with chilled 10 mM-Tris/HCl buffer (pH 7.4) containing 1 mw-mercaptoethanol, 1 mM-EDTA and 0.1 mM-phenylmethylsulphonyl fluoride (Sigma) in a Waring blender. The resulting homogenate was further homogenized in an Aminco French pressure cell (J5-598A) at 20000 lbf in-? (1 38 MPa). A portion of the homogenized sample was centrifuged at 20000g for 20 min and the remainder at lOOOg for 10 min. The 20000g supernatant was used as a crude enzyme preparation for phosphodiesterase and protein kinase assays, and the 1000 g supernatant as a crude enzyme preparation for adenylate cyclase. All operations were done at 0-4 "C.
Adenylate cycfuse assay. The reaction mixture (200 pl) contained 2.5 pmol 1,4-piperazinediethanesulphonic acid buffer (pH 7.0), 0.25 pmol MnSO,, 0.25 pmol ATP and 100 pl cell extract. The reaction was carried out at 30 "C for 5 rnin and terminated by boiling for 2 min. The boiled mixture was centrifuged at 1500g for 15 rnin to remove coagulated proteins, and the amount of cAMP in the supernatant (50 pl) was then determined using the cAMP assay kit (Amersham). One unit of adenylate cyclase activity was defined as the amount of enzyme which catalysed the conversion of 1 pmol ATP to cAMP in 1 rnin at 30 "C.
Phosphodiesterase assay. This was done as described by . One unit of enzyme activity was defined as the amount of enzyme which catalysed the conversion of 1 pmol cAMP to 5'-AMP in 1 rnin at 30 "C.
Protein kinase assay. This was done as described by . One unit of enzyme activity was defined as the amount of enzyme which transferred 1 pmol [y-3'P]ATP (Amersham) to the recovered protein in 1 rnin at 30 "C.
cAMP measurement. Mycelia were harvested and homogenized in 5 ml 5 % (w/v) chilled trichloroacetic acid with a Waring blender. After centrifugation at 2000 g for 15 min, 2 ml of the supernatant was repeatedly extracted with water/saturated diethyl ether to remove trichloroacetic acid. The resulting mixture was then incubated at 100 "C for 2 rnin to remove the residual diethyl ether. The cAMP content of 50 pl of this was then determined using the cAMP assay kit.
Photoaflnirv labelling. This was done with 8-N3-[,H]cAMP (NEN) as described by Walter et al. (1977) . Protein measurement. Protein concentration was determined by the Lowry method, using bovine serum albumin (Sigma) as standard.
R E S U L T S

Regulation of cAMP levels in compatible heterokaryons
The role of incompatibility system in regulating the level of cAMP was investigated by examining the levels of adenylate cyclase and phosphodiesterase activities in heterokaryons carrying compatible and incompatible combinations of the incompatibility factors. Time courses for the production of adenylate cyclase and phosphodiesterase in mycelia of a dikaryotic strain revealed these enzyme activities to be high in young mycelia from early stages of growth ( Fig. 1) . Fruiting initials were observed on the sixth or seventh day of incubation when mycelia had more or less covered the surface of the liquid media. Adenylate cyclase activity in dikaryotic mycelia was highest on the sixth day of incubation, but that in the component monokaryotic mycelia of the same age was relatively lower (Fig. 1 a) . The patterns for phosphodiesterase were the reverse of those observed for adenylate cyclase : dikaryotic mycelia had low activity while the two component monokaryotic strains of the dikaryon had high levels ( Fig. 1 b) . Corresponding to these observations, cAMP level was high in the dikaryon and low in the component monokaryons ( Fig. 1 c) .
Since the highest activity for both enzymes was observed on the sixth day of incubation, several dikaryons and their component monokaryons were assayed for the two enzyme activities and cAMP levels on this day (Table 1 ). All the dikaryons showed high levels of CAMP. Adenylate cyclase activity in the monokaryons was low compared to the dikaryons, while phosphodiesterase activity varied from high to low levels in the monokaryons, but was always paha-1 + A7 B8 arg-2 ( O ) , and the monokaryons A 2 B2paba-I (0) and A7 B8 arg-2 (a) were grown in liquid medium, and mycelia were harvested on the relevant days and assayed as described in Methods. low in the dikaryons. cAMP levels were roughly two-to fourfold higher in the sexually fertile dikaryons than in the monokaryons. Thus, irrespective of the enzyme levels in the component monokaryotic strains the dikaryon always had high levels of CAMP. In a few of the crosses the monokaryotic mutant strain Fisc was used. This strain was able to produce monokaryotic fruit bodies without crossing and had cAMP levels similar to those of the dikaryons. When a Fis" strain was mated with a compatible self-sterile strain or another Fisc strain, these crosses resulted in the formation of typical fertile dikaryotic mycelia which bore dikaryotic fruit bodies (Uno & Ishikawa, 197 1) . The adenylate cyclase, phosphodiesterase and cAMP levels in such dikaryons were similar to those of dikaryons formed by crossing two selfsterile monokaryotic strains (Table 1 ). 
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Regulation of cAMP levels in semi-compatible heterokaryons
Time courses for enzyme production and cAMP levels in the two semi-compatible heterokaryons, common-A and common-B, as well as their component monokaryotic strains, were examined, but no significant differences were observed for enzyme production and cAMP levels among these heterokaryons and monokaryons (data not shown). Table 2 shows the results obtained on the sixth day of incubation of several common-A and common-B heterokaryons. The enzyme activities and cAMP levels were similar to those of the component monokaryotic strains. The endogenous levels of cAMP in both these types of semi-compatible heterokaryons were lower than those found in compatible dikaryons. The results indicate that the fully compatible combinations of the A and B incompatibility factors are required to produce high levels of adenylate cyclase and CAMP.
Ejects on CAMP leuels of mutations at the incompatibility factors
Mutated A and B incompatibility factors of C. cinereus were recovered from fruit bodies produced on common-A and common-B heterokaryons, respectively (Swamy et al., 1984) . The Amut hyphal cells were either uninucleate or binucleate, had pseudoclamps, and mimicked common-B heterokaryons. The Bmut hyphal cells were predominantly uninucleate, had no clamp structures, and mimicked common-A heterokaryons. Both strains produced no fruit bodies. Amut Bmut double mutants constructed from these Amut and Bmut strains were predominantly binucleate, had true clamps, and gave rise to fertile fruit bodies without mating. The cAMP level in the Amut Bmut strain examined was much higher than that found in the parental Amut or Bmut mycelia (Fig. 2c) , and was similar to that found in the dikaryotic mycelia. Corresponding to the high cAMP level the Amut Bmut strain also had high adenylate cyclase and low phosphodiesterase activity (Fig. 2a, b) . On the other hand the parental Amut and Bmut strains had comparatively lower adenylate cyclase and higher phosphodiesterase activities, similar to those found in several of the monokaryotic strains (Fig. 2a, b) .
Regulation of CAMP-binding and protein kinase activity by the incompatibility factors
The photoactivated binding of 8-N3-[3H]cAMP with cellular proteins was examined using crude extracts of various strains. A single CAMP-receptor protein that specifically binds with 8-N,-[3H]cAMP was observed with sodium dodecyl sulphate-polyacrylamide gel electrophoresis as shown previously, and the molecular weight of this protein was estimated to be approximately 46000 (Uno & Ishikawa, 1981a) . The band of this protein (46K protein) detected on the chromatogram was cut out from the dried gels, and the amount of 3H radioactivity was measured. CAMP-binding activity was almost negligible in the sexually sterile monokaryotic strains, and in common-A, common-B, Amut and Bmut strains where either or both A and B controlled events had been switched off, as compared to that observed in sexually fertile dikaryons, Amut Bmut and Fisc strains (Table 3) .
Protein kinase activity was measured in the presence and absence of CAMP. All the strains had protein kinase activity in the absence of exogenous cAMP supplementation (Table 3 ). This is explained by the fact that CAMP-independent protein kinase activity has been detected in Coprinus (Uno & Ishikawa, 1974) . However, an increase in protein kinase activity by addition of cAMP was obtained only in the sexually fertile dikaryons, Amut Bmut and Fisc strains (Table 3) . The sexually fertile dikaryons, Amut Bmut and Fisc strains had higher levels of protein kinase activity in the absence of exogenous cAMP than did the sexually sterile monokaryons, common-A , common-B, Amut and Bmut strains ( Table 3) . This may be due to stimulation of CAMPdependent protein kinase by cAMP produced in cico in the sexually fertile strains.
S . S W A M Y , I . U N O A N D T. I S H I K A W A D I S C U S S I O N
The importance of cAMP in fruiting of C. cinereus was first suggested by the finding of a monokaryotic strain (Fis+) which produced monokaryotic fruit bodies when cAMP was added to the culture medium (Uno & Ishikawa, 1971) . A significant amount of CAMP was found in the monokaryotic mycelia of the Fis" strain that were able to form monokaryotic fruit bodies without mating, but not in those of wild-type monokaryons that were unable to form fruit bodies (Uno & Ishikawa, 19736, 1982) . The present results indicate that the sexually fertile mycelia of all the compatible dikaryons studied have high levels of adenylate cyclase, CAMP, and CAMPdependent protein kinase irrespective of the enzyme levels in the component monokaryotic strains. The mutations at the A and B incompatibility factors were responsible for the production of increased levels of cAMP and CAMP-dependent protein kinase exactly as observed in dikaryotic mycelia. In the sexually sterile strains, adenylate cyclase activity was always low, phosphodiesterase activity was high in many cases, and cAMP levels were always low. CAMP-dependent protein kinase activity was not found in the sexually sterile strains. These results suggest that adenylate cyclase, phosphodiesterase and CAMP-dependent protein kinase are regulated in a coordinated way by the incompatibility control system. The timing of fruiting was approximately the same or slightly delayed relative to the peak levels of adenylate cyclase and CAMP, indicating a positive correlation between cAMP level and fruiting potential. The fact that no strain with low levels of cAMP could fruit also indicates that cAMP must play an important role in the fruiting process.
The mode of operation of the incompatibility system in regulating the events leading to sexual morphogenesis of basidiomycetes is not yet clearly understood, although various models have been proposed (Raper, 1966; Kuhn & Parag, 1972; Ullrich, 1978) . The result that both A and B factors, which are located in different linkage groups (Casselton, 1978) , were found to be involved in the coordinate regulation of adenylate cyclase, phosphodiesterase, and CAMPdependent protein kinase activities strongly suggests that the effective incompatibility gene products are trans-acting. The idea that the effective incompatibility gene products are regulatory molecules, as proposed by Ullrich (1978) , could well explain the results obtained here.
If cAMP had some regulatory role it would probably be accomplished through interaction with other molecules. In most eukaryotes this molecule has been identified as the regulatory subunit of CAMP-dependent protein kinase (Langan, 1973) . In C. cinereus, photoaffinity labelling using 8-N3-cAMP indicated the existence of a single CAMP-receptor protein, which was shown to be the regulatory subunit of CAMP-dependent protein kinase (Uno & Ishikawa, 198 1 a) . In the self-sterile strains where either or both A and B incompatibility factors were 'off, negligible CAMP-binding and CAMP-dependent protein kinase activity were observed, but in the self-fertile strains where fruit bodies were formed as a result of both A-and B-controlled events being switched 'on', both cAMP binding and CAMP-dependent protein kinase activity were discernible. These observations implicate the involvement of both A and B incompatibility factors in the coordinated regulation of levels of cAMP and CAMP-binding protein. Thus, cAMP may bind with the regulatory subunit of CAMP-dependent protein kinase and stimulate phosphorylation of certain types of cellular proteins in C. cinereus. Further work is required to elucidate the intracellular substrates of CAMP-dependent protein kinase. 
